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This report describes various research ahd analysis tasks conducted 
to define dynamics of the solid propellant and the effects on SRB and 
Space Shuttle dynamics during: liftoff and boost flight conditions. Very 
little solid rccket propellant dynamics research had been performed prior 
to Space Shuttle. Solid propellant was used primarily in small, high 
acceleration > short burn time military rockets ; therefore , its dynamics 
did not affect the flight lo«ids or control. In contrafjt, the Shuttle SRBs 
are large (146 in. diameter), long burn time (120 sec) rockets used in a 
configuration for which the first natural mode is a function of the solid 
propellant stiffness. Many of the design loads occur at Shuttle liftoff 
where the lowest freciucncy vibration mode is a strong participant. Due 
to the effects of propellant dynamics on Shuttle dynamics, an extensive 
program of solid propellant research has been conducted to support the 
Shuttle dynamics modeling effort. 


The rcseai*eh is discussed in three parts, The first describes 
studies peribrmed to define characteristics of the propellant itself, i.e., 
the stiffness, damping, cc.’apros.sibility , and the effects of many variables 
on these proportic.s. The second ooncerns the relationship between the 
propellant and HHll dynamics, such as effects of propellant stiffness on 
free "free SRB modes. The third deals with coupled modes of the Shuttle 
system and the effects of propellant stiffness on SRB/ET interfaces. 


PROPliLfiANT PROPliRTiRS RESEARCH 


The solid propellant is a viscoelastic material and, therefore, has 
mechanical properties represented os complex numbors. For example, the 
dynamic shear modulus is: 

G* " G' •+■ i G" , 

where G' is the storage modulus and G" is the loss modulus. The ratio 
G"/G' is called tlic loss tangent and is a mcasui*e of the material dantping. 
Storage modulus, G', is convenient to use in math modeling to I’opresont 
the proi.)ellant elasticity, and for this reason property studies have focused 
on determining values of this parameter. Solid propellant is nearly incom- 
pressible i tlierefore. its Poisson’s ratio is near 0.5 and the dynamic ten- 
sile modulus can be expressed as 3G*. 

Basic ijropeilaiit dynamic properties rcsoareh is reported in Refer- 
ences 1 through 6. In Reference 1 an attempt was made to discover all 
variables which affect propellant properties and to determine wliich of 
these are significant in the SRB application. Some of the valuables known 
to affect solid propellants in g-cnorat are: 

1) Excitation frequency 

2) Humidity 
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3) Strain 

4) Pressure 

5) Aginj? 

6) Kpoxy /curative ratio 

7) Internal licat |>env<jriitis>n 

8) I)ama(»c efi'ccts 

9) Temperature, 


Hei'erenoe 1 found excitation frequency and propellant bulk tempera- 
ture to have signillcant effects on propellant stiffness in the Space Shuttle 
application. Humidity is reported to affect only tlie propellant exposed 
surface with little penetration compHred to t>.e SKH propellant thickness, 
Strain, presssvire, internal heat g'ener«»tion , and damage ei’fecrts arc not 
significant, due to the low Shuttle aceeleiaitkHis. At high aecolerntion , 
high strains (i*. > 19 percent) tx'icur causing a dewetting of oxidizer parti- , 
olos in the propellant grain and an accompanying decrease in stiffness. 

Motor combustion pressure tends to press the propellant together if it is 
in this high strain condition, tluis i‘ei>juring the damage and increasing 
the stiffness; but at low strain, the propellant is essentially incompressible 
and unaffetded by pressure. If the propellant oscillates at a liigh strain 
amplitude, internal licat is generated, raising the bulk temperature and 
decreasing propellant stiffness. The effect cf oging on the SRB propel- 
lant was founci to be negligible during the first six months after casting, 
Prv)pellants of the type used in the SUll (Polybutadiene Acrylo- Nitrile, 
PBAN) normally stiffen by about 25 percent during the first year and 
remain unchanged tltereafter. The epoxy /curative ratio is controlled in 
the SRB propellant to achieve a target value of tensile modulus and is, 
therefore, approximately constant. 

Hefcronce 2 reports results of tests conducted to measure properties 
of an inert PBAN propellant used by NASA /ban gley Research Center in 
a l/8"scalc model of the SRBs. The machine used to perform the dynamic 
tests reciuircd very snuill test specimens (0,06 0,06 x 0.12 in.) which 

were oscillated in shear while bonded between parallel plates. The result- 
ing data show considerable scatter. Th ; propollant consists of relatively 
rigid particles bound together in a rubber matrix and these small test 
specimens were apparently not large enough to approximate a homogeneous 
matei’ial. Some observations from this report are: 

1) Static strain of 0. 5 to 5 percent had no measurable effect on 
dynamic moduli . 

2) lixposuro to high relative humidity had a significant but incon- 
sistent (sometimes stiffening, sometimes softening) effect on propellant 
modulus. 
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3) The bulk moduluB was mousurcd and the niaterial found to be 
cssentialiy incompi’cseible . 

I'he variation of propellant proportlves in repented testa was measured 
and studied in Rcferonce 3 alonj? with variations between batches, In one 
series of tests i six batelies of live HRH propellant were tested to find 
dynamic shear modulus through a range of temperature and frequency. 
Three measoroments were amde at each condition . The higher the shear 
modulus, the lower the variation between repeated tests. The average 
within i»atch variatioiiH for the six batches was 8.1 peisjont at 90®F, 
where the propellant is .soft, and 3.5 percent at 40°1'\ whore the propcl- 
limt is very much stiffer. Similarly, the deviation between batches was 
7 percent at 90°F aiui 6 percent at 40°F, 


UcferencCvS 4 through 6 report dynamic shear modulus data obtained 
by the oscillating disk im'thod. A circular disk of propellant (3,5 in. 
diameter by 0,5 in. thick) was clamped around its circumference and 
esclllntcd perpendicular to its surface by a rod bonded into a hole through 
the center of the disk. Force.s a»ul displacement were I'ecorded as a 
function of time and used with a. stress analysis of the disk to comj)Ute 
shear modulus, An example of dynjuaie shear modulus measured by this 
technique is shown in Figure 2. 
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Figure 2, Dynamic shear modulus for TPH 1148 propellant (T = 50°F). 
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Datn obtained by the osciUnting diik metitod were used in the 
Analysis of SRIt and SImttIo System ^bration modes. 

Rofereuco 7 i^jports a study of propeUant preperties which includes 
contributions of several factors to the propellant shear modulus. The 
abstract from this report is ^dveu below. 

’’This report presents an anolytictU technique for implementing 
simultaneously the temperature* dynamic strain, real modulus, and fre- 
(|uoncy properties of solid propellant in an unsymmetrical vibrating ring 
mode. All dynamic parameters and soui*cos are defined for a free vibrating 
ring grain structure with initial displacement and related to a forced 
vibrating system to determine the change in real modulus. Pi*opellant 
test data application is discussed, 

The techniciue was developed to determine tlie aft attach ring 
stiffncs,s of Uui Shuttle bwster at lift”Off," 


I’ROl’EU.AN'l' /SOLID ROCKET BDOSTmi INTERACTION 


The SRH <,5on figuration is shown in Idgure 3, The rocket motor is 
assembled from four preloaded casting segments. The assembled motor 
has g(q>s between the propelhuvt segments which are filled with inhibitor 
to prevent end burning. 
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Figure 3, SRB configuration. 



Structurnl vibration inodes with forces in the longitudinal directio. 
can couple with combustion ond thrust by way of fuel pressure oscillations 
in tanks or feedlines for liquid fueled rockets. This coupling can produce 
an instability called pvgo. Accurate definition of significant Space Shuttle 
longitudinal modes is Important for avoidance of pogo involving the liquid 
fueled main engines. 

References 8 and 9 report results of SRB vibration analyses which 
utilized the NASTRAN structural analysis computer program, Both normal 
mode analyses and complex eigenvalue analyses were completed for longi'^ 
tudinal modes. The daoipod frequencies were less than I percent different 
from the undamped, IVI,)dal damping was 12.8 percent of critical for the 
first mode (frequency ^ *5,17 Hz) and was 20 to 24 percent for other 
modes computed up to JO Hz. The undeformed model and first mode shape 
arc shown in Figure 4. The elements used to form the piopellant wore 
axisymmetric rings. The four SRB casting segments were modeled sep~ 
aimtoly and the first mode, shown at right in Figure 4, involves motion 
of the two lower segments out of phase vdth the upper segments. 




Figure 4. Reference (8) NASTRAN model. 
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The first representation of longitudinal propellant modes in o mo<i 
for Shuttle system analysis is reported in Reference 10» Again the 
NASTRAN program was used to find axisymmetric propellant modes. 
Three of the modes are shown in Figure 5 for the forward SRB casting 
segment. 
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Fi|Turo 5, Reference (10) NASTRAN model. 


For ofich casting segment the two modes with greate.st mass partici- 
pation in the longitudinal direction were added to an existing structural 
SRB model in the form of one spring and one mass per mode. A schematic 
of this "stick” model SRB shown in Figure 6. Two propellant masses are 
attaclied to the model at each of the four locations marked "propellant." 
This model was used in early Space Shuttle system loads, controls, and 
pogo studios . 



6, SRU stick model. 


Vibinition tests were conducted using a one- quarter scale Shuttle 
model as described in Reference U. Various configurations were tested 
including the quarter-scale SRIl (QSSRB) in free-free support condition. 

comparison of free free expcrimontnl and analytical modes is shown in 
Table 1. The analysis used the SRB stick model with spring/mass longi- 
tudinal propellant i*eprosentation » 


A significant test finding relevant to propellant dynamics was the 
absence of modes involving propellant motion relative to the case. For 
example, in the first axial mode, propellant moved with the case (no 
apparent shearing of propellant). The propellant modes ax’O suppressed 
by the high damping, such that mass loading of propellant on the case 
structure was found to give the best analytical representation of longi- 
tudinal modes. 


PROPKBLANT KFFHCTS ON SRB /SYSTEM INTERFACE STIFFNESS 


The SRBs are attached to the ET through a ball joint at the SRB 
forward skirt and by a truss system near the aft end of the SRB motor 
case. SRB thrust is transmitted through the forward ET /SRB attachment 
(putting the ball joint in compression) to lift the Shuttle. The three 
strut truss arrangement at the aft attachment carries no thrust load 

(X -direction) but constrains Y, Z, and roll motion of the SRB relative to 
the ET. The three struts and the SRB attach ring are shown in Figure 7. 
Propellant stiffness conti’ibutes significantly to the roll stiffness of this 
iift interface; thus, system modes involving SRB roll relative to the ET 
arc affected by propellant stiffness. 
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TABUS 1. FUEK-FHEE MODES OF LIFTOFF QSSRB 


^fodc Dosi'i'iptiDii 

lixperimonta) 
FjHMiuency Uh/.) 

'he test 
Atiaiytioiil 
Frecjuency (H'/,) 

Fro test 
i\ Fretiuoney 
Cl) 

Z lUnuUu[i; 

17, M 

18.10 

3.25 

Firnt V HcMuUnjv 

17.46 

18.11 

3.72 

Sccoml Z Hi'iuUng 

•12. 98 

43.37 

0.91 

V Himdinn 


43,42 

0.05 

first Torsion 

56.36 

60.74 

7.77 

Ivirnt Axial 

66,05 

59.75 

9, 54 

Third V lUnuliii;'; 

72.21 

72.90 

0.96 

Third ’/, Hondiitc; 

72.9'> 

72.66 

0,47 

I'’ourlli Z HomUnjv 

97,26 

93.17 

0.94 

Fourll) Y liondiiiiv 

98.36 

98 , 73 

0,38 

.Sociond Torsion 

107. 14 

118.04 

10.2 

Fifth Z HondiU!’- 

122.74 

120,78 

1.60 

I'ifth Y lion ding 

127. 12 

121,12 

4,72 

Tlurd Torsion 

192.30 

172.88 

1 

10.1 


Tlio QESRB tests described in Reference 11 included tests with the 
QSSRB oonsti'idned to ground at its forward and aft ET attach points. 
Modes excited in this constraint system are related to some of the sym- 
metric Shuttle system modes which feature hit i 3RB participation, 

Results fi’om these tests were used with the sv^ck SRB model to develop 
an cmj)irioal model including aft attachment stiffness. A description of 
tlTO math model and constrained SRB test are given in Reference 12, 

The empirical model mode shapes and frequencies are compared with 
the first three test modes in Figure 8. The first mode shown corresponds 
to the system SRB roll mode (the lowest system mode) and the math model 
was tuned to match this mode in frequency and shape . Fortunately , it 
also matches very closely the second mode, but correUition is poor for the 
third and higher modes. 
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Fi[iurc 7. SUM aft attachment structure. 



Figure 8. Empii’ioal stick model and test correlation 
(constrained test) , 





A shell model of the SHI> was developed primarily to give accurate 
aft SIUJ/K'J!' interface stiffness and eliminate the need for empiricism. 

This model is described in Hofcrcnce 13. Figure 9 shows a computer plot 
of roprosentativo shell model parts, and shows a schematic of the reduced 
model. 


The model was developed using the NASTRAN computer program. 
Quadrilateral and triangular plate elements foroj the forward skirt, motor 
case, and aft skirt, with bar oloments used to represent case stiffeners, 
stringers, and the added thickness at case jointis. Propellant is modeled 
by (luadri lateral plate elements oriented such tliat plate shear stiffness 
repi'csents tlie pro|)ellant slicar stiffness and plate mass is the pi*opeUant 
mass. 


The basic liftoff model contains 2480 grid points of which 1448 arc 
in the ijropeUant. There arc 8932 degrees of freedom. The burnout 
model has 1032 grid points and 0042 degrees of freedom, llotli liftoff and 
burnout models were reduced to 53 grid points retaining 234 degrees of 
freedom by means of the tluyan reduction teclinitiue internal to tlie 
NASTRAN computer program. Proper location and distribution of the 
retained degrees of freedom was critical for maintaining accuracy in the 
modes of interest. The best results were obtained by keeping four cir- 
cumferential gritl jKiints at approximately ten longitudinal stations and 
giving each of these freedom in tliroe translations and rotation about X 
itha longitudinal axis) . 

Comparison of QSSRB tost data and shell model modes and fre- 
quencies (Fig’. 10) shows oxecllent correlation with all tost frequencies 
and witli six of the seven mode shapes (the seventh test mode appears 
unlikely and may be the result of bad aecolorometer data near the SRB 
nose) . 


A modal test of the complete, full scale Shuttle was performed to 
evaluate the total system math model. This test, the mated Vertical 
Ciround Vibmtion Tost (MVGVT) , was conducted in the free-free test 
condition and is described in Reforenco 14. A total of approximately 80 
modes were dtxsunientod for tlie liftoff and SRB burnout configurations. 
Pretest Shuttle system math models showed an average of G.83 percent 
error in frequency (nveimge for all liftoff modes and all burnout modes). 

A ijost-test system model was generated using improved element models 
(Orbitcr, FT, SRB, and the average frequency error was reduced to 
5.75 percent). The SRB model improvement pi’o- to post-test consisted of 
x’cplacing the SRB empirical stick model with the shell model in the Shuttle 
system analysis. 

Table 2 compares pi’ctest and post-test analytical I'esults with test 
data for some liftoff modes which contained a large fxmetion of total energy 
in the SRBs (the energy fractions are shown in parentlieses) . Good 
correlation was observed with pretest and post-tost models for these SRB 
dominated modes, with post-test showing the better corrolation. 
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TABLE 2, MVGVT /ANALYSIS CORRELATION (LIFTOFF ANTI-SYMMETRIC) 


Test Mode 

Pretest 

Post Test 

No. 

Freq. , 
(Hz) 

Description 

No, 

Freq . , 
(Hz) 


No. 

Freq . , 
(Hz) 

Error, 

(%) 

10 

2.08 

SRB Yaw and Y -Ben ding (0.63) 

4 

2.20 

5^8 

1 

2. 19 

5.3 

8 

2.24 

SRB Pitch (0.33), RoU (0.18) 


2.31 

3.1 

2 

2. 25 

0.4 

11 

2.47 

SRB Pitch (0.60), RoU (0.13) 

6 

2.73 

10.5 

3 

2,44 

1.2 

15 

3.37 

SRB X (0.35) 

7 

3.61 

7.1 

4 

3.44 

2. 1 

5 

4.12 

SRB Roll (0.20) 

9 

3.86 

6.3 

6 

4.17 

1.2 

21 

4.71 

SRB RoU (0.27), Pitch (0.12) 

11 

4.88 

3.6 

7 

5,09 

8.1 

20 

5.14 

SRB Y-Bending (0.59) 

12 

5.42 

5.4 

8 

5.28 

2,7 

1 

5.45 

SRB Z-Bending (0.43) 

14 

5.55 

1,8 

7 

5,09 

6.6 

2 

10.10 

SRB 2nd Z-Bending (0.60) 

32 

10.63 

5.2 

24 

10.68 

5.7 

19 

10.65 

SRB 2nd Y-Bending (0.61) 

35 

11.24 

5.5 

26 

11.23 

5.4 

17 

14.56 

Gear Train, SRB Torsion (0.36) 

47 

14.20 

2,5 

30 

14.13 

3.0 

12 

14.72 

Gear Train, SRB Torsion (0.59) 

47 

14.20 

3.5 

30 

14. 13 

4.0 

3 

16.85 

SRB 3rd Z-Bending (0,65) 

64 

16.69 

0.9 

38 

16.25 

3.6 

14 

18.90 

SRB Axial (0.78) 

87 

20,75 

9.8 

52 

19.36 

2.4 

7 

23.84 

SRB 4th Z-Bending (0.65) 

112 

24,89 

4.4 

70 

23. 53 

1,3 

30 

24.81 

SRB 4th Y-Bending (0.63) 

123 

26.35 

6.2 

73 

24.68 

0,5 



Ave. Eri'or for SRB Modes 
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CONCLUSIONS 


The SUB propellant stilfness was found to be a strong function of 
propellant bulk ton>peratui'e and excitation frequency # Many other 
parameters were investigjitcd and found to have negligible effect for the 
Space Shuttle application. 

Coupling between propellant and SUB structure dynamics was 
studied by analysis and test. Analysis showed propellant longitudinal 
niodos in the frequency range of structure modes. Tests demonstrated 
that tlio lii|*’h propellant damping (not included in analysis) suppressed 
the propellant modes, such that the propellant moved with the motor case. 
The most accurate propellant representation for free-free SUB modes was, 
therefore, mass loading of the structure with propellant# 

Propellant stiffness is an important part of the total SUB /Shuttle 
System interface sUffness. A finite clement shell model of the SUB was 
developed which accurately ropre.sents the SUB portion of this inteiTace. 
The shell model was verified by quarter-scale and full-scale testing and 
is being used in Shuttle System l(»ads and control studios, 
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